Background: N6-methyladenosine (m 6 A) is the most abundant RNA modification and essentially 19 participates in the regulation of skeletal muscle development. However, the status and function of 20 m 6 A methylation in prenatal myogenesis remains unclear now. 21
studies have been accomplished for the role of m 6 A in prenatal myogenesis [10] . Thereby, it is of 48 great significance to understand the dynamic regulation of m 6 A throughout the myogenesis process. 49
In addition to the difficulty of sampling prenatal human tissue, lack of proper technology that can 50 analyze m 6 A from a small amount of RNAs also hinders m 6 A screening of prenatal myogenesis [11] . 51
Alternatively, animal models can be used to study the underlying mechanisms. Due to the similarity 52 with humans in anatomy, physiology/pathology and even genome [12, 13] , pig is an ideal model 53 animal for skeletal muscle research. Like human, the myogenesis process of pig takes place in two 54 distinct waves before birth, which ultimately determines the total number of fibers (TNF). The first 55 wave happens at 35 to 64 dpc (days post coitus) to form the primary myofibers, whereas the second 56 wave happens at 54-90dpc to form the secondary myofibers [14] . The profiling of m 6 A maps of 57 adult porcine muscle tissues from three different breeds [10] provided a valuable reference for 58 further study of using pig as a model to study the dynamic regulation and biological significance of 59 m 6 A for myogenesis. 60
In present study, we confirmed that the chemical inhibition as well as the knock down of methionine 61 adenosyltransferase could lead to impair cell differentiation and promote proliferation of C2C12 62 myoblast cell. A refined MeRIP (m6A-specific methylated RNA immunoprecipitation with 63 nextgeneration sequencing) method [11] was then applied to profile the m 6 A epi-transcriptomes of 64 six prenatal life stages (33dpc, 40dpc, 50dpc, 60dpc, 70dpc, 95dpc) of pig skeletal muscle tissues, 65 spanning two important waves of pig myogenesis. Inter-stage fold changes of m 6 A and gene 66 expression was significantly correlation. Reader protein IGF2BP1 (insulin like growth factor 2 67 mRNA binding protein 1) expression continually decrease during prenatal skeletal muscle 68 development, and siRNA-mediated knockdown of IGF2BP1 inhibited myotube formation and 69 promoted proliferation in myoblast. We found that MyoD, MyHC and MYH1 gene expression was 70 synergistically regulated by m 6 A and IGF2BP1. In conclusion, our result uncovered that m 6 A is a 71 crucial epigenetic factor in porcine prenatal myogenesis. 72 73 Results 74 m 6 A regulates the proliferation and differentiation of C2C12 myoblast 75
To investigate the role of m 6 A modification in myogenesis, we first used Cycloleucine, a competitive 76 and reversible inhibitor of methionine adenosyltransferase [15] , to inhibite m 6 A level in C2C12 77 myoblast. Two doses of Cycloleucine treatments suppressed myotube formation, as seen by the 78 morphology of Myosin immunofluorescence staining (Fig. 1a) ; and the expression of transcriptional 79 regulatory factors (MyoD) and differentiated markers (MyHC) [16, 17] was significantly down-80 regulated at mRNA level (Fig. 1b, c) , indicating the Cycloleucine can inhibited the C2C12 myoblast 81 differentiation. To observe the function of m 6 A in myoblast proliferation, we used 5-ethynyl-2-82 deoxyuridine (EdU) staining to analyze the C2C12 cell proliferation. The EdU staining assay 83 showed that two doses of Cycloleucine treatments significantly increased EdU incorporation ( Fig.  84 1d, e), suggesting the involvement of m 6 A in regulating C2C12 myoblast proliferation. Moreover, 85 knockdown of methyltransferases METTL14 resulted in the same phenotype as Cycloleucine 86 treatments ( Fig.1f-j) . Taken together, these observations suggest that m 6 A played an important role 87 in myogenesis by regulating myoblast proliferation and differentiation. 88
Generation of longitudinal transcriptomes and epi-transcriptomes of prenatal skeletal muscle 90
To further delineate the functional implications of m 6 A during skeletal muscle development, we 91 then aimed to profile the transcriptome-wide m 6 A in prenatal skeletal muscle in pig. Due to the 92 limited amount of prenatal skeletal muscle, a refined MeRIP (R-MeRIP) approach that can analyze 93 only 5ug total RNA per sample was first tested in our study (Methods) [11] , using a porcine PK15 94 cell line (Additional file 2: Table S1 ). Both the R-MeRIP and the conventional MeRIP sequencing 95 were performed twice on the cell line and the m 6 A profiles generated were analyzed by the same 96 analytical pipeline. As a result, a high correlation coefficient (R 2~0 .9) was achieved between the 97 two independent tests for both the R-MeRIP and MeRIP methods, indicating for high reproducibility 98 of both technologies (Additional file 1: Figure S1a ). Furthermore, 66.22% of the m 6 A peaks called 99 from two approaches were consistent (Additional file1: Figure S1b ), as defined by a previously 100 published algorithm (Methods). 101
Thereafter we used R-MeRIP to examine both transcriptomes and m 6 A epi-transcriptomes of 102 prenatal skeletal muscle at six stages, including 33, 40, 50, 60, 70 and 95dpc, spanning two 103 important waves of porcine myogenesis (Additional file 2: Table S2 ). Based on these data, m 6 A 104 peaks were annotated for all the transcripts. As a result, we found mast majority (99.47%) of the 105 peaks were in the coding genes (Additional file1: Figure S2a ). Furthermore, a similar pattern of m 6 A 106 distribution from 33pdc to 95dpc was observed, as these peaks of m 6 A were preferentially located 107 at the coding sequence (CDS) and 3' untranslated region (3'UTR) rather than the 5'UTR (Additional 108 file1: Figure S2b , c), and the m 6 A peaks contained conservative sequence motifs of RRACH, in 109 agreement with previous studies [5, 6] (Additional file1: Figure S2d ). Despite of that, divergent 110 Furthermore, we also observed a gradual decrease of expressed genes across six stages ( Fig. 2c) and 115 clear classification of the gene expression program based on hierarchical clustering analysis ( Fig.  116 2d). These results might imply for constant re-programming of epi-transcriptome during prenatal 117 myogenesis that might be associated with the changed gene expression profiles in these samples. 118 119
Dynamic transcriptome during porcine development of prenatal skeletal muscles 120
To investigate the genome-wide gene expression during prenatal skeletal muscle development, we 121 further performed pair-wise comparisons between consecutive stages to reveal the differentially 122 expressed genes (DEGs). As shown in Fig. 3a , interestingly, more DEGs were detected in 123 comparison 33vs.40 and 70 vs.90 (3471 and 2312 DEGs, respectively) than in other comparisons 124 (~500 DEGs) ( Fig. 3a) . These results of gene expression changes were in accordance with previous 125 observations on the developmental events that landrace pigs showed the first onset of primary 126 myofiber at 35dpc and an increased number of muscle fibers occurs between 77 and 91dpc in 127 relation with the fusion of these myogenic cells [18] . To further identify key regulatory genes during 128 muscle development, we used weighted gene co-expression network analysis (WGCNA) to detect 7 correlation with all phenotypes (p<0.05) (Fig. 3b ). In the darkgrey module, the gene expression 133 levels of DEGs were gradual increased from 33dpc to 95dpc, which were mainly associated with 134 skeletal muscle development process (the top 5 significant biology processes). In contrast, the 135 magenta module showed gradual decrease of expression levels, these genes were mainly involved 136 in embryo and neuron system development ( Fig. 3c ). Among these genes, 5 and 3 genes expression 137 were continuously up-regulated and down-regulated during the development (Fig. 3d ), respectively. 138
Notably, IGF2BP1 gene was continuously down-regulated, which is a key m 6 A reader that can 139 regulate mRNA stability and translation [20] in the process of tissue/organ development [21] . These 140 results again suggest that m 6 A may play a key role in prenatal myogenesis. 141 142 m 6 A epi-transcriptome through developmental skeletal muscle 143
Next, we characterized the dynamic m 6 A modification during prenatal skeletal muscle development. 144
We first combined the mRNA transcripts with m 6 A peaks. Majority (2466) of the methylated target 145 were commonly methylated genes (CMG) throughout prenatal skeletal muscle, whereas only 414, 146 24, 95, 114, 244, and 312 specifically methylated genes (SMG) were identified at 33, 40, 50, 60, 70, 147 and 95dpc, respectively ( Fig. 4a ). In comparison with SMGs, CMGs exhibited averagely more peak 148 number and lower ratio of peaks located in 3UTRs (Additional file1: Figure S3a , b). A further 149 unsupervised clustering of the CMGs based on the m 6 A levels led to two major clusters, for which 150 GO analyses on CMGs indicated different profile of genes were enriched in transcriptional 151 regulation of gene expression, such as regulation by RNA polymerase II, transcription regulator 152 activity, and RNA processing (Fig.4b ). In addition, a different enrichment of SMG genes was 153 observed, more genes enriched in the pathways related with tissue genesis at early stage of embryo 154 prenatal skeletal muscle development, m 6 A peaks were subjected to pair-wise comparison between 156 each two adjacent stages. In total, we identified 434 differentially methylated genes (DMGs), 157 including 297 hyper-methylated genes and 137 hypo-methylated genes across six stages ( Fig. 4c ). 158
Consistent with DEGs ( Fig. 3a) , the biggest dynamic m 6 A variation happened in the transition from 159 33dpc to 40dpc ( Fig. 4c) . Only a few genes were common between either two sets of inter-stage 160 DMGs, indicating a highly dynamic changes of m 6 A during skeletal muscle development ( Fig. 4d ). 161 GO analyses on each set of inter-stage DMGs displayed divergent enrichment of DMGs, also 162 suggesting stage-specifically changes of dynamic m 6 A modifications during the muscle 163 development ( Fig. 4e ). 164
m 6 A regulate gene expression of prenatal skeletal muscle 166
To further address the potential role of m 6 A in regulation of mRNA expression in prenatal 167 myogenesis, we focused on the m 6 A variation in genes of darkgrey and magenta modules, which 168 showed gradually increased or decreased expression over skeletal muscle development, respectively. 169 Consistent with the changes of gene expression pattern, the ratio of m 6 A-modified genes in the total 170 module gene-set ( Fig. 5a ) as well as the average peak number of the m 6 A-modified genes ( Fig. 5b ) 171
presented similar tendency as of the mRNA levels in the darkgrey and magenta modules. We then 172 cross-matched the DEGs from these two modules with the 434 identified DMGs, resulting 97 and 173 30 overlapped genes from the magenta and darkgrey module, respectively (Fig. 5c ). These 127 174 genes were further filtered for those genes contained both significantly differential m 6 A and 175 transcripts at the same stage and classified them into two categories based on whether the inter-stage 176 development ( Fig. 5e , Additional file 1： Figure S4b ). Especially, we found that the positively 181 correlated genes (Additional file 2: Table S3 ) were mainly enriched in the darkgrey module from 182 two inter-stages (33 to 40dpc, 70 to 95dpc), whereas most of the negatively correlated genes 183 (Additional file 2: Table S4 ) were from 33 to 40dpc (Fig 5e, Additional file 1： Figure S4b ). 184
Together, these results confirmed that m 6 A was involved in the regulation of gene expression during 185 prenatal skeletal muscle development. As one example gene, MYH1 (Myosin-1) as an isoform 186 consist of Myosin heavy chain (MyHC) [22] , significantly elevated its m 6 A and expression levels 187 from 40dpc to 50dpc and 70dpc to 95dpc ( Fig. 5e ). 188
189

IGF2BP1-dependent m 6 A regulates myoblast proliferation and differentiation 190
Previous studies indicated that m 6 A can regulate RNA stability (positive correlation) or promote 191 m 6 A degradation (negative correlation) with help of reader proteins IGF2BP1 and YTHDF2, 192 respectively. The significantly dynamic changes of the gene expression of IGF2BP1 across the six 193 stages also indicated its role in myogenesis ( Fig. 3d ). To further confirm whether the reader protein 194 IGF2BP1 participates in regulation of myogenesis, therefore, we knocked down it in C2C12 195 myoblast ( Fig. 6a ). We found that the knockdown of IGF2BP1 gene significantly decreased the 196 expression of MyHC at protein and mRNA level (Fig. 6b, c) , whereas obviously increased the EdU 197 incorporation ( Fig. 6d, e ). These results indicated that knockdown of IGF2BP1 suppressed 198 differentiation and promoted cell proliferation of C2C12 myoblast, consistent with the results of 199 chemical suppression m 6 A and knockdown METTL14 treatments. 200 Furthermore, considering the changed expression of MyoD and MyHC in response to suppression 201 of m 6 A and knockdown of METTL14 treatment (Figure 1) , we also examined the expression of 202
MyoD in C2C12 cell with knocked-down IGF2BP1. Quantitative results showed that their 203 expression was significantly reduced, which raised the possibility that m 6 A regulate the expression 204 of MyoD through an m 6 A-IGF2BP1-dependent pathway (Fig. 6f ). In addition, we examined the 205 RNA expression of MYH1 that are positively regulated by m 6 A. MYH1 expression was 206 significantly decreased in C2C12 cells upon knockdown of IGF2BP1 ( Fig. 6g ), suggesting that 207 IGF2BP1 might play an important role in the regulation of MYH1. 208 209 Discussion 210 Skeletal muscle development is known to be regulated in a complex spatiotemporal way. Previously 211 identified changes in transcriptional expression and epigenetic modification throughout skeletal 212 muscle development have greatly improved our understanding of the mechanism related to 213 myogenesis [3, 23] . In present study, we hypothesized that m 6 A might also participate in skeletal 214 muscle development, given the role of m 6 A participating in regulation of tissue development, 215 including cerebellum, neural and fat [24] [25] [26] . By using methodologies of either knockdown of key 216 m 6 A methylase or binding proteins in C2C12 and high-throughput sequencing of m 6 A profiles 217 across developmental skeletal muscle at six stages, we demonstrated that m 6 A modification plays 218 an important role in myogenesis, especially affecting myoblast proliferation and differentiation ( Fig.  219 1, Fig. 6 ). Across the developmental skeletal muscle, a highly dynamic m 6 A epi-transcriptome as 220 well as transcriptome were revealed, in line with other studies on the regulatory role of m 6 A in tissue 221 development, e.g., postnatal liver development in pig [27] and mouse cerebellum development [25] . 222
Especially, we observed that the most divergent stage interval during the two important waves in 223 prenatal fiber formation is from 33 to 40dpc, which is in the period of primary fiber formation. As 224 previously confirmed, the gene expression changes was also more intense in the period of primary 225 fiber formation than in the period of secondary fiber formation [28] . These results imply m 6 A also 226 participates in the developmental regulation of prenatal skeletal muscle. 227
Previous studies suggested that m 6 A modification can maintain RNA stability with help of a m 6 A 228 reader protein IGF2BP1 [29] [20] . The myosin immunofluorescence and EDU staining assay 229 indicated that IGF2BP1 also participates in the regulation of myoblast proliferation and 230 differentiation (Fig. 6 ). During prenatal skeletal muscle development, we found the transcription of 231 IGF2BP1 continuously decreased. Thereby, we revealed a set of genes with significantly positive 232 correlation between the inter-stage fold changes of m 6 A and gene expression. Among these genes, 233 MYH1 codes for an isoform of Myosin heavy chain (MyHC), and twice appear in positive 234 correlation gene list (Fig. 5d ). The level of MYH1 was significantly decreased in C2C12 myoblast 235 under the cycloleucine treatment and IGF2BP1-knocked down (Fig. 6g ). Whether IGF2BP1 directly 236 binds to these key genes in skeletal muscle development requires further examination. Over the past 237 years, several studies have unraveled important mechanisms by MyoD, control the specification and 238 the differentiation of the muscle lineage [30, 31] . The Myosin heavy chains (MyHC) are terminally 239 differentiated muscle cells markers [16] . Both chemical suppression of m 6 A and knockdown 240 METTL14 decrease the expression of MyoD and MyHC (Fig. 1) in C2C12, which was consistent 241 with the regulation of IGF2BP1. Therefore, we evaluated the involvement of IGF2BP1, which 12 maintains RNA stability. Our result showed that knockdown IGF2BP1 also significantly reduce the 243 MyHC and MyoD at RNA level (Fig. 6c, f) . MyoD was m 6 A-modified target in C2C12 [32] . These 244 results suggest that m 6 A regulate MyoD at RNA level may be through an m 6 A-IGF2BP1-dependent 245 pathway, which may be the main reason for m 6 A regulate myoblast differentiation. 246 m 6 A modification modulates all stages in the life cycle of RNA, such as RNA processing, nuclear 247 export, and translation modulation [33, 34] . First, YTHDF2 trigger degradation through conveying 248 m 6 A mRNA to specialized mRNA decay machineries (P bodies etc.) [35] . Second, YTHDF1 protein 249 promote synthesis by interacting with translation machinery [36] . Although translation and 250 degradation are two opposite fates of mRNA, two reader protein share percent of fifty common 251 target mRNAs [36] . m 6 A possess a multi-dimensional mechanism of mRNA methylation in 252 modulating gene expression. IGF2BPs promote the stability and storage of their target mRNAs in 253 an m 6 A-dependent manner under normal and stress conditions [36] . As YTHDF2, IGF2BPs is 254 highly likely located in processing bodies (P-bodies) [20] . Our result show that only one gene was 255 overlapped between positive and negative correlation gene (Additional file1: Figure S4c ). IGF2BPs 256 and YTHDF2 have a distinct pattern of binding sites [20] . Published binding gene of IGF2BP1 and 257 YTHDF2 have nearly 20% common target (Additional file1: Figure S5a ). IGF2BP1 and YTHDF2 258 may regulate their own subsets of mRNA targets, independently. Furthermore, IGF2BPs also 259 enhance mRNA translation [20] . More than percent of fifty YTHDF1 targets is also IGFBPs targets 260 (Additional file1: Figure S5b breed. The sows were then sacrificed at a commercial slaughterhouse at six stages (33, 40, 50, 60, 283 70, 95dpc) . The uteri containing the fetuses were collected immediately, and the longissimus muscle 284 tissues were rapidly and manually dissected from each fetus. At each time point, three randomly 285 chosen embryos were used for the following research. In total, 18 samples were snap-frozen in 286 Total RNA was extracted using the TRIzol reagent (Invitrogen) and then reverse transcribed using 303
HiScript III RT SuperMix for qPCR (Vazyme R323-01). qPCR analysis was performed using the 304 Applied Biosystems StepOnePlus RealTime PCR system. All primers used in the study are 305 presented in Additional file 2: Table S5 . The relative RNA expression levels were calculated using 306 the Ct (2-ΔΔCt) method [38] . magnetic beads according to the manufacturer's instruction (Invitrogen). mRNA sample was 313 fragmented into ~100nt fragments by 1min incubation at 90℃ in fragmentation buffer (Invitrogen). 314
About 50ng fragments mRNA samples were used to construct the input library. Other mRNA 315 fragments were incubated for 4h at 4℃ with 3ug anti-m 6 A polyclonal antibody (Synaptic systems, 316 202003), which has combined with protein-A beads (Invitrogen) at room temperature for 1 h in IPP 317 buffer (150nm NaCl, 0.1% NP-40,10nm Tris-HCl). Bound mRNA was eluted from the beads with 318 0.5mg/ml N6-methyladenosine in IPP buffer. Eluted mRNA was precipitated by ethanol-NaAc 319 solution and glycogen (Life Technologies) overnight at -80˚C. mRNA was resuspended in H2O and 320 used for library generation. IP mRNA and input mRNA respectively conducted an RNA-seq library 321 using a Vazyme mRNA-seq kit (Vazyme NR601). Sequencing was carried out on Illumina HiSeq X 322 ten sequencing. 323
R-MeRIP sequencing 324
Total RNA was fragmented to 100-150 nucleotides by 15min incubation at 70℃ in fragmentation 325 buffer (Invitrogen). About 10ng fragments RNA was reserved to conduct the input library. Other 326 RNA was immunoprecipitated with m 6 A antibody as MeRIP-seq to get m 6 A RNA. Once 327 successfully immunoprecipitated methylated 328
RNA was confirmed, input and IP library were constructed using SMARTer® Stranded Total RNA-329 seq Kit (Takara, 635007), respectively. This kit removes ribosomal cDNA using probes specific to 330 mammalian rRNA post reverse transcription and amplification. Sequencing was also carried out on 331
Illumina HiSeq X ten sequencing. 332
RNA-seq data analysis 333
For each sample, pair-end reads were used for bioinformatics analysis. Quality control of raw data 334 was done using FastQC software (version 0.11.3). Sequencing data were trimmed by Trimmomatic 335 0.36 [39] to remove the adapter and low-quality data. These high-quality reads were mapped against 336 the ensemble pig genome (Sscrofa11.1) using hisat2 software (version 2.0.4) [40] . The TPM 337 (Transcripts per million reads) values of RNAs in each sample were calculated using Salmon [41] . 338
Gene TPM >1 in each sample was identified as expression gene. The differentially expressed gene 339 (DEG) was identified using DESeq2 [42] . WGCNA (v1.66) was used to construct the unsigned co-340 expression networks based on gene expression [43] . All software applications were run with default 341 parameters. 342 m 6 A peak calling and motif analysis 343 RNA m 6 A-modified regions (m 6 A peaks) were identified using exomePeak software (version 2.14.0) 344 [44, 45] . To improve m 6 A peak identification, consistent peaks in three biological replicates 345 identified with exomePeak was regarded as highly enriched m 6 A peak for further analysis (P-value 346 <0.05). The consensus sequence motif enriched in m 6 A peaks were identified by MEME [46] . 347
Characterization of m 6 A peak distribution patterns 348
Distribution of m 6 A peaks along mRNAs were obtained as previously [6], a reference porcine 349 transcriptome was built using the longest transcript of each gene. Each of the 5'UTR, CDS, 3'UTR 350 regions were splint into 100 bins with equal length. The percentage of m 6 A peaks in each bin was 351 calculated to represent the occupancy of m 6 A peak along the whole transcripts. 
